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Introduction
The nature and distribution of post-collisional magmas differ markedly from those corresponding to the pre-collisional history of convergence zones. Oceanic subduction creates linear belts of arcs dominated by calc-alkaline magma series, whereas post-collisional magmatism is more diverse chemically, and more widespread spatially. It can extend 100s of kilometres from the suture zone and can be sustained for millions of years after initial collision of the continental plates, although shortlived pulses of more intense melting and longer quiescent periods have been observed, as well as systematic variations in space and time (e.g. Chung et al., 2005; Pearce et al., 1990) . Magmatism across these areas appears to originate from a variety of different sources, displaying signatures characteristic of crustal, subcontinental lithospheric and asthenospheric material (e.g. Lee et al. 2012) . Many different mechanisms have been proposed to explain magmatism in continental collisional areas. These include processes involving solely the continental crust: shear heating along crustal faults (Harrison et al., 1998) ; melting of thickened crust (England and Thompson, 1986) ; and the exhumation of crust back to the surface (Harris and Massey, 1994) . Additionally, processes may involve an influx of heat or melt from the underlying mantle: large scale lithospheric delamination (Bird, 1978) ; slab breakoff ; edge-driven convection ; and small-scale convection at the base of the lithosphere . Slab breakoff after collision is often invoked to account for the changes in the nature and composition of magmas in collisional areas (e.g. Coulon et al., 2002; Mahéo et al., 2002; von Blanckenburg and Davies, 1995) . Upon continental collision, the subducted slab may weaken due to thermal heating and/or increased extensional stresses between the more buoyant continental and denser oceanic lithospheres, resulting in slab breakoff and the formation of a slab window, and possibly leading to magmatism (van Hunen and Allen, 2011) . The dynamics of slab breakoff has been investigated extensively, and it has been shown that the strength of the subducting oceanic and continental lithospheres, in part influenced by the oceanic slab age, convergence velocity, continental crustal and lithospheric thicknesses, and the mechanism of detachment, all have a control on the depth of breakoff (Andrews and Billen, 2009; Duretz et al., 2011; Gerya et al., 2004) . Models have shown a wide range in this depth, from 40 to over 500 km (Baumann et al., 2010; Duretz et al., 2011) , and have shown the potential importance of a 3D geometry which allows for lateral progression of the break-off process through slab tearing (van Hunen and Allen, 2011; Magni et al., 2014b; Menant et al., 2016; Capitanio and Replumaz, 2013) . Slab breakoff may be fairly well constrained dynamically, but its consequences in terms of magmatism remain unclear. Previous studies have suggested that hot asthenosphere, flowing up through the slab window, may have the potential to melt through decompression and/or heat both the subducting crustal material and the overriding continental lithosphere van de Zedde and Wortel, 2001) . Melting of the overriding lithosphere is viable where breakoff occurs at depths shallower than the base of this, but, asthenospheric melting may be less likely, as it requires very shallow breakoff at depths less than 50 km, unless the mantle is volatile rich. Many previous slab breakoff studies used either fully dynamic models to study the complex mechanical process of breakoff and the associated mantle flow (e.g. Gerya et al., 2004) , or used kinematic models of subduction to focus on the hydration state of the system and magmatic consequences (e.g. van de Zedde and Wortel, 2001) . Recent numerical studies have started to use coupled petrologicalthermomechanical numerical models to study the dynamics of collision and breakoff (Li et al., 2013; Menant et al., 2016) ; but a systematic investigation of the conditions required to generate breakoffinduced melting has not yet been conducted, which is undertaken in this study.
Continental collision involves a succession of complex, interacting dynamical and petrological processes, of which the contribution of slab breakoff to post-collisional magmatism is the least well understood and constrained. Therefore, we use coupled petrological-thermomechanical numerical models to examine conditions for post-collisional magmatism, focusing on the magmatic consequences of slab breakoff in particular, so that its effect can be better understood and dissociated from other processes. We will do so by varying a number of key parameters which are likely to affect the breakoff dynamics, and by tracking the occurrence of melting of a number of different materials over time. The dynamics in our models are in line with previous numerical studies and replicate many of the features that have been previously observed during collision and breakoff (Duretz and Gerya, 2013) , and we thus use these models to explore the magmatic processes. We show that slab breakoff by itself is unlikely to explain all of the characteristics of post-collisional magmatism, and that additional processes may play an important role.
Method

Governing Equations
We use the Cartesian version of the finite element code Citcom to model oceanic and continental subduction (Moresi and Gurnis, 1996; Zhong et al., 2000) . This solves for the conservation of mass, momentum, energy and composition in a fluid, assuming incompressible flow and adopting the Boussinesq approximations. A standard nondimensionalisation is applied to the governing equations (Table 1) :
Giving:
The thermal Rayleigh number, Ra, is defined as:
and similarly the compositional Rayleigh number of a given composition i, Rb i :
where δρ i is the intrinsic density of composition i relative to mantle material. The conservation of mass, momentum and energy are solved using a finite element technique, whilst the conservation of composition is solved using a CVI particle-tracking technique (Wang et al., 2015) .
Model parameters are described in Table 1 .
Rheology
Stress, temperature and pressure dependent rheology is applied throughout the model. The strength of material is reduced through three deformation mechanisms; dislocation creep, diffusion creep and brittle yielding. Furthermore, a maximum viscosity limit of η max is applied. The viscosity resulting from diffusion and dislocation creep are both described by:
The composite viscosity caused by these viscous deformation mechanisms is described as:
The effect of brittle yielding is also included:
where the yield stress, σ y , is described as:
in which the effect of fluid pressure on the yield strength is ignored.
The effective viscosity is defined as the minimum of the viscosity components from viscous deformation, brittle yielding and η max :
A number of commonly used flow laws were used to determine a representative flow law for partially hydrated and hydrated mantle (Maunder et al., 2016) . Given the expected profound influence of rheology on the dynamics of the continental collision process (e.g. van Hunen and Allen, 2011; Duretz and Gerya, 2013) , mantle and crustal rheology are part of the parameter investigation in this study, by investigating different mantle rheological flow laws (partially hydrated and hydrated, see Maunder et al., 2016) , and crustal rheological flow laws (plagioclase & dry quartzite, see Ranalli (1995) ). Flow laws for oceanic crust and sediment are adopted from Ranalli, (1995) . Used values of rheological parameters for each composition are shown in Table 2 .
Model setup
The development of continental collision and breakoff of the oceanic lithosphere is modelled through the introduction of a continental lithospheric block into a subduction zone (Fig. 1) . As an initial condition, a subducting and overriding lithosphere are juxtaposed. The subducting lithosphere has an oceanic part, which, at one end, enters the subduction zone as a slab that is initially reaching down to a depth of 250 km underneath the continental overriding lithosphere. At its other end, a passive margin connects the oceanic lithosphere to a continental block, which extends to the left hand side boundary. To decouple the subducting and overriding plates, a 1.3 km thick layer of sediments with a fixed viscosity of 2 x 10 20 Pa s is positioned at the top of the subducting oceanic and continental lithospheres, which gradually increases to the background viscosity over a length of 13 km (see Maunder et al., 2016) . Both oceanic and continental lithospheres are composed of crust and lithospheric mantle. The continental crust (assigned a typically observed thickness of either 35 or 40 km (Fowler, 2005) in the models), is split into an upper and lower crust, which have different rock compositions (affecting its dehydration and melting, see below), but otherwise have the same physical properties. Continental crust and sediments have a fixed relative density of -600 kg/m 3 and oceanic crust -300 kg/m 3 with respect to a reference mantle density of 3330 kg/m 3 . At depths greater than 80 km, oceanic crust is prescribed a new density of +200 kg/m 3 to represent a simplified transition from basalt to eclogite. Oceanic lithosphere initially obeys the half space cooling thermal profile for a given plate age of 50 Myr. Continental lithosphere is assigned a commonly observed thicknesses of either 100 or 125 km (Fowler, 2005) in the presented models (see section 2.5) with a thermal profile from 0°C at the surface, to 1350°C at the base of the lithosphere. A constant initial mantle temperature of 1350°C is defined elsewhere. The rheological effect of adiabatic heating, which is absent in our models, is partly compensated for by using reduced values of the activation volume, V, in order to give a background viscosity profile in line with glacial isostatic adjustment data (Mitrovica and Forte, 2004) . To investigate the effect of continental crust radiogenic heating, a uniform crustal value of 0.7 µWm -3 (Fowler, 2005) is included in some model calculations, along with an initially higher crustal temperature profile.
As boundary conditions, top and bottom boundaries have fixed temperatures of 0°C and 1350°C respectively, whilst side boundaries have a fixed continental geotherm (Fig. 1) . To ensure trench retreat (i.e. an oceanward velocity of the overriding plate relative to the mantle underneath, as observed for the majority of subducting slabs worldwide (Funiciello et al., 2008) ) during the initial slab development, a horizontal mantle flow of between 3 and 8 cm yr -1 out of the model domain is applied initially through the right boundary (Fig.1) until the slab reaches a depth of 600 km. Mantle material is allowed to flow into the model domain through the left boundary, where a zero horizontal deviatoric stress (σ' xx =0 and v z =0) is imposed. After this initial period, the right hand side boundary adopts this same zero horizontal deviatoric stress boundary condition, which removes any external forcing. This means that, after initialisation, subduction progresses unforced and flow is able to develop naturally with material free to enter/leave the model domain on both sides (Chertova et al.,2012) .. Due to a combination of the endothermic phase transition and viscosity jump between the upper and lower mantle and slab roll-back, many slabs in nature temporarily stagnate in the transition zone before penetrating into the lower mantle (Goes et al., 2017) . Therefore, slabs are modelled to stagnate at the base of the upper mantle, and hence a closed bottom boundary is applied, with a horizontal velocity that matches the imposed right hand side mantle flow during the initial period, and no-slip afterwards. The top boundary is free slip to allow the natural horizontal (but no vertical) movement of the subduction trench.
The model domain represents an area of 1980 x 660 km and consists of 512 x 128 finite elements. These have a varying grid size to achieve the highest resolution at the top of the model, with an element size of 3.3 x 3.3 km 2 in this area, which is sufficient for the slab dynamics and melting features studied here. Compositional information is stored and advected using particles.
Hydration and melting implementation
We use a Gibbs free energy minimisation strategy to determine the metamorphic reactions, including (de)hydration reactions and melting reactions, occurring in the subducting slab and mantle. Equilibrium mineral assemblages are calculated beforehand using Perple_X (Connolly, 2005) for oceanic, upper and lower continental crustal, sediment, and primitive and depleted mantle lithologies, for a range of pressures, temperatures and water contents, and are stored in lookup tables (see Magni et al. (2014a) and Supplementary Material for full details). Since Boussinesq approximations are used, a correction for the mantle adiabat of 0.5 o C/km is applied to the temperature profiles when determining the stable mineral assemblages. We use passive tracers that hold information about the composition to compute the stable phases at each time step. The presence and amount of melt under any given P-T-H 2 O conditions can hence be determined and the variations in water content tracked. An initial hydration profile, with water stored in hydrous minerals, is defined for the oceanic and continental lithosphere within the subducting plate, which is advected with the flow field ( Fig. 1) . Oceanic crust and sediments are uniformly hydrated with 2.0 wt% H 2 O, continental crust with 0.2 wt%, and the upper 8 km of oceanic lithospheric mantle with 4.0 wt% (Faccenda, 2014; Bouilhol et al., 2015) . During subduction, dehydration might occur due to a change in the mineral assemblage. If free water becomes present, this water is allowed to percolate upwards, potentially rehydrating overlying material (see Bouilhol et al. (2015) and Magni et al. (2014a) for full details). During each timestep any free water is either re-absorbed into new hydrous minerals or is assumed to escape through the top of the model; hence we assume free water is capable of migrating significantly faster than the mantle flow.
To investigate the nature of any magmatism, we record the melting of six different compositions throughout the model calculations; the mantle lithosphere, asthenosphere, sediments, oceanic crust, and upper and lower continental crust. If melt is present and the amount exceeds a threshold, the melt is extracted instantaneously to the surface. Extraction threshold values of 2 and 8 wt% are chosen for mantle and crustal material respectively, based upon the amount required to form an interconnected melt pathway and ascend to the surface (Brown, 2007) . Upon melt extraction, the residue will change in composition making it less likely to melt again. To account for this, we assume that material that has undergone melt extraction is unable to re-melt by marking it as "depleted" and removing it from further thermodynamic calculations for the remainder of the model run. We record postcollisional melting, which is defined as any melting occurring after subduction-related melting has ceased. We also record breakoff-related melting, which is defined as melting which can be clearly linked to the necking and breakoff process, and is not a result of other post-collisional processes.
Model parameter investigation
We aim to analyse if and how breakoff-induced melting is generated, and constrain the geodynamic conditions required. To do so, we initially performed a pilot study on the dynamic effects of a large number of model parameters, including viscous strength (of the upper crust, lower crust, and mantle), brittle strength (surface yield strength, maximum yield strength, and friction coefficient), thickness of the overriding and subducting continental lithosphere, oceanic plate age, radiogenic heating, and the strength of the interplate weak zone. This list is unlikely to be exhaustive, and other model parameters, such as the width of the passive margin or slab penetration into the lower mantle, might affect slab breakoff dynamics and/or the magmatic consequences.
From this pilot study, we chose the five parameters that have the most profound effect on the collision dynamics. Here, we systematically investigate those parameters in terms of their control on the breakoff depth and/or timing, and record any changes that these dynamical differences produce in the style of melting. Models are conducted within this fivedimensional parameter space, with two values chosen for each of the following parameters; the ratio of continental crust to lithospheric thickness (35:125 km & 40:100 km), the radiogenic heating of the continental crust (0 & 0.7 µWm -3 ), the mantle rheological flow law (partially hydrated and hydrated), the crustal rheological flow law (plagioclase & dry quartzite) and the overriding lithospheric thickness (100 km & 60 km) (see Table  3 ). As will be further discussed below, these values are not intended to cover the full observed parameter range, but instead focus on conditions that are potentially relevant for slab breakoff related melting, which is the key objective of this study.
Results
We first describe the development of the dynamical process of collision and breakoff. To quantify these results, the timing of collision is defined as the moment when the continental lithosphere first reaches the subduction trench and breakoff as the moment when, due to a necking process, the 1000°C isotherm ceases to be continuous in the slab. We discuss any dehydration and melting for a reference model (Model 1, Section 3.1), which will be shown to produce only small amounts of melt, and then for a model with a shallower breakoff depth that produces a significantly larger amount of melt (Model 13, Section 3.2). Next, we summarise the variation in breakoff dynamics and melting observed across the full parameter range of models within this study (Sections 3.3 and 3.4).
Reference model: breakoff dynamics and melting
Before examining and describing the effect of various model parameters that affect the dynamics and melting processes during continental collision, we first describe the reference model (Model 1) in more detail. Model 1 (Table 3 , Fig. 2 ) adopts a plagioclase crustal flow law (Table 2) , a mantle flow law that is appropriate for a partially hydrated mantle (Table 2) , and has a roughly globally-averaged continental crust and plate thicknesses. An initial period of oceanic subduction (Fig. 2 ) and roll-back creates a fully developed subduction system, in which the mantle wedge and overriding lithosphere become hydrated. Next, the continental lithosphere enters the subduction zone (Fig. 2) . The convergence velocity decreases due to the positive buoyancy of the continental crust, until the former passive margin stagnates at a depth of 150 km ( Fig. 2A.ii, 2B .ii). The temperature of the stagnated slab increases, which weakens both the buoyant subducted continental crust and oceanic lithosphere, and results in necking within the oceanic lithosphere in this model ( Fig. 2A. iii, 2B.iii). The subducted continental crust begins to flow upwards, whilst necking proceeds through viscous deformation and eventually results in breakoff at 44 Myr after initial collision at a depth of 240 km. In total, the process from initial necking to slab breakoff lasts for 14 Myr. Buoyant crustal flow continues and leads to a slight upwelling of asthenospheric mantle underneath the continental crust ( Fig. 2A .iv, 2B.iv).
Throughout oceanic subduction, breakdown of hydrous minerals within the sediments, oceanic crust and lithospheric mantle result in mantle wedge melting and hydration of the overriding lithosphere ( Fig. 2B.i) , as expected from oceanic subduction. As the continental lithosphere enters the subduction zone, melting of the mantle wedge corner declines and then stops completely 10 Myr after initial collision (Fig. 2C) . The oceanic crust and lithosphere continue to dehydrate throughout the early stages of collision, due to the continuously increasing slab temperature. However, the reduction in convergence velocity causes a steepening of the subducted slab, which results in the flux of water moving upwards into the subducted mantle lithosphere and continental crust (Fig. 2B .ii). Another consequence of this steepening is the appearance of saturated melting in the oceanic crust at depths > 200 km due to fluid advection (Bouilhol et al. 2015) , as the subducted slab begins to neck and crustal temperatures exceed 1000°C, but does not reach sufficient volumes to be extracted (i.e. > 8 wt%, Figs. 2B.ii and 2C). As the continental crust subsequently begins to be exhumed, small amounts of the deepest part of the subducted continental crust and sediments melt due to decompression melting (Figs. 2B.iv and 2C) . The continental crust can also become significantly hydrated throughout the collisional process (~ 2 wt%), resulting in small amounts of upper crustal melting at shallow depths of 50-100 km (Fig. 2B.iv) . This progresses for 15 Myr before the crust ceases exhuming and crustal temperatures decrease.
Shallow breakoff model: breakoff dynamics and melting
Model 13 (Table 3 , Fig. 3 ) is characterised by a weaker crustal rheology, thicker continental crust and thinner continental lithosphere with respect to the reference model, and represents the other end of the spectrum of the explored parameter space, as it shows significant differences in breakoff depth, timing and location, and provides a clear example of the breakoff-related melting that we observe across the parametric study. The continental crust is subducted to similar depths after collision as compared to model 1. At the passive margin, necking and weakening of the crust and mantle lithosphere occurs, which progresses through both simple shearing and viscous necking (Figs. 3A.i and 3A .ii). Slab breakoff in this model occurs within the continental lithosphere at a significantly shallower depth of 170 km and with a shorter breakoff time of 15 Myr after initial collision (Figs. 3A. ii and 3A.iii).
A continuum of melting is observed, affecting different lithologies at different depth, whilst slab breakoff proceeds after collision. Melting occurs along the edge of the stagnated continental crust during necking of the slab (Fig. 3A. ii), and includes small amounts of sediment melting (Fig. 3B) . This melting results from heating of continental crustal material within the tips of the detached slab as it descends into the mantle (Fig. 3A. iii). This crustal and sediment melting is most profound during the breakoff process and a few Myrs after (Fig.3B ), but small amounts (<10 6 m 3 /m/Myr) of lower continental crust melting continues for another 30 Myrs. This heating also results in the breakdown of stable hydrous phases within crustal material in this area leading to deep (~ 150 km) asthenospheric melting, directly above the tip of the detached slab (Fig.  3A. iii). Asthenospheric melting begins 4 Myr after the cessation of subduction related magmatism, at the time of breakoff (Fig. 3B) . The locus of this melting progresses into the foreland region over time, due to the movement of the detached slab towards the subducting plate as it descends deeper into the mantle (Fig. 3A. iii). Asthenospheric melting can last only a few Myrs, since it is caused by the flux of water released from the detached part of the slab, which rapidly sinks into the mantle. A more prolonged period of continental crustal melting begins during crustal exhumation, at around the same time as breakoff, and is sustained for over 30 Myr, increasing as the exhumation advances and then decreasing as the plates become stable and cool (Figs. 3A.iv and 3D ).
3.3 Breakoff dynamics across the parametric study So the earlier, faster, and shallower break-off of the slab of Model 13 compared to Model 1 increases the chances of breakoff related melting. With this in mind, we will explore a range of model parameters to investigate their effect on post-collisional magmatism. We decided to focus on the conditions that lead to relatively shallow and rapid slab breakoff, which has been shown above to favour slab breakoff associated melting. As a consequence, most models in our chosen parameter range exhibit shallower and more rapid breakoff than the reference Model 1 (Fig. 4, Table 3 ). Breakoff localises where the tensile stresses, between the dense oceanic lithosphere and buoyant continental lithosphere, exceed the local strength of the slab. This condition depends upon a number of factors. Firstly, whilst within the oceanic lithosphere, these tensile stresses increase towards the surface, as the slab at that point supports more of the dense, subducted slab underneath. Secondly, the strength of the slab is in part controlled by the thickness of the slab and the strength of the mantle lithosphere and continental crust (e.g. compare continental slabs in Figs. 2B.ii and 3A.ii). Thirdly, the thickness of the cold slab core also determines the location of breakoff, which increases by thermal diffusion whilst the slab is stagnated. This is reduced by a thinner overriding plate and a shorter time between collision and breakoff, allowing the slab to start warming up at a shallower depth. Fourthly, the thickness of the continental crust plays a complex role. A thicker continental crust reduces the integrated strength of the lithosphere; in part because crustal material is intrinsically weaker than mantle material, but also because the strength of the continental crust can be further reduced by radiogenic heating. However, counterintuitively a weaker crustal rheology (and in some cases an increase in radiogenic heating) generally leads to an increase in breakoff depth. This results from a greater crust-mantle decoupling and earlier exhumation of the crust, locally reducing the buoyancy of the continental part of the slab, and therefore also reducing the tensile stresses in the slab underneath (c.f. Baes et al., 2011) . Full delamination of the mantle lithosphere from the continental crust can ensue in these cases (Fig. 5A ), leading to slab roll-back before a final breakoff event that occurs when the slab has weakened sufficiently through heat diffusion.
Despite the wide range of breakoff depths that are observed (Fig. 4) , breakoff does not occur at depths shallower than the base of the overriding lithospheric mantle for any of the conditions applied within the parametric study. To explore the consequences of even shallower breakoff and its possible magmatic effects, we add another model that lies outside the systematic parameter space, which induces breakoff at a depth of 83 km, by using a 50 km thick continental crust within a very thin, 70 km, continental lithosphere, with a crustal radiogenic heating of 0.7 µWm -3 (Fig. 5D , Model 33). However, other conditions, such as the subduction of a very young subducting oceanic plate, or using models where a low-temperature plasticity deformation mechanism, such as Peierl's mechanism is at work, may also lead to such shallow breakoff (see Duretz et al., 2011) .
Melting across the parametric study
Modelled post-collisional melting occurs due to various dynamical processes, including slab breakoff (exposing lithosphere of the detached slab to hot mantle temperatures, leading to dehydration and saturated melting), decompression melting resulting from exhumation, and melting linked to delamination or extension. Below we consider melting patterns for each material that is directly related to slab breakoff and that reaches sufficient amounts to be extracted.
Continental crust melting from slab breakoff occurs across most of the parametric study. It shows no clear correlation with breakoff depth or location within oceanic or continental lithosphere (Fig. 4) . Instead, it depends upon the maximum depth of the subducted continental crust relative to the thickness of the overriding plate. For breakoff within continental lithosphere, melting can occur around the necking and breakoff, which causes a local slab temperature increase (Fig. 3A. ii). Continental crust can still melt in some instances where breakoff occurs within the oceanic lithosphere from crustal heating within the upper detached slab after breakoff (Fig. 5B) . This takes place when the overriding lithosphere is relatively thin, and hence the crust is in close proximity to hotter asthenosphere. For the same reason, melting of sediments also depends upon the thickness of the overriding plate. This melting is widespread throughout our models, as some sediments are always carried down atop the subducting slab, independent of breakoff dynamics.
Asthenospheric melting is observed in a few cases (e.g. Models 12 -16, Fig. 6 ). This melting is linked to the breakoff depth and timing (Figs. 4 and 6) . Hydration of the inflowing mantle is essential for asthenospheric melting to occur. A shorter, faster breakoff increases the likelihood that sufficient water will be retained within the detached oceanic lithosphere after breakoff. The tip of detached continental crust is also able to store water which could potentially dehydrate. However, when melting occurs in continental crust, all the water is consumed, preventing free water flow into the inflowing asthenospheric mantle and induce asthenospheric melting.
Oceanic crustal melting is not a common feature across our parametric study. This only occurs in two cases (Models 9 and 10), for which breakoff occurs within the oceanic lithosphere (Fig. 4) . After breakoff, the upper, stagnated portion of the slab continues to heat up, weakening the oceanic crust that is still present. As this eclogitised crust is denser than the surrounding mantle, it drips off and melts as it descends (Fig. 5B) .
We do not observe any post-collisional melting in the overriding mantle lithosphere, except for Model 33, which shows small amounts of melt extraction (<5x10 5 m 3 /m). This occurs at the very base of the overriding plate, to the right of the suture (Fig. 5D .ii) from hydration by water fluxing from the underlying slab. Melting at this location occurs before and after continental collision, and also during the process of slab necking and breakoff.
Melting is also generated through mechanisms that are not directly resulting from slab breakoff. Small amounts of decompression melting of the continental crust can occur during exhumation, which is not necessarily initiated by slab breakoff (Figs. 2B.iv and 3A.iv). Larger amounts of melting can be generated at the base of the continental crust from heating by upwelling asthenosphere during postcollisional extension (e.g. Model 11, Figs. 5C and 6). Finally, significant melting of continental crust and inflowing asthenosphere can occur during mantle lithospheric delamination in models with a weaker crustal rheology (e.g. Model 24, Figs. 5A and 6 (also for Models 19-23 and 27-32)).
Discussion
In convergence zones, changes in magmatic compositions are often interpreted in terms of changes in the dynamics of the system, such as a change in dip angle (Gutscher et al., 2000) , or onset of continental collision (e.g. Bouilhol et al. 2013) , and after collision, abrupt shifts in composition are commonly hypothesised to represent slab breakoff (e.g. Coulon et al., 2002) . Observed post-collisional melts are usually small in volume and distributed fairly sparsely compared to subduction-related melting. We have performed a series of 2D numerical models in which dehydration and melting processes are studied in the context of collision dynamics. The models are all two-dimensional, so the effect of processes like lateral slab tearing cannot be examined, but this does not significantly affect the timing and thermal conditions of the breakoff process (van Hunen and Allen, 2011). Our study enables us to better constrain the source and conditions required for such melting. Our results show that post-collisional magmatism due to slab breakoff is feasible, but perhaps not as easy to achieve as previously suggested by kinematic models. Below we discuss the conditions required to melt the different components of the system.
Lithospheric mantle melting
The models of show that the upwelling of asthenosphere upon breakoff can cause a thermal perturbation and melting of the overriding metasomatised mantle lithosphere (Fig. 7A) . Subsequently, many postcollisional magmatic observations, with geochemical signatures typical of metasomatised mantle lithosphere, have been interpreted to be induced by the process of slab breakoff-induced melting (e.g. von Ahmadzadeh et al. 2010 ). However, we do not observe any significant lithospheric mantle melting adjacent to the slab window upon slab breakoff in our study. Below we consider a number of possible reasons why breakoff, under the conditions imposed here, might be unable to induce a sufficient thermal perturbation to generate melting.
For melting to occur at the subduction interface (or resulting suture), breakoff needs to be at depths shallower than the base of the overriding lithosphere (Fig. 7A) . Our results, and those of previous numerical studies, suggest breakoff at these depths is not common, and perhaps only occurs under unusual conditions (Fig. 4 ) (e.g. Duretz et al., 2011; van Hunen and Allen, 2011) . Hence, hot asthenospheric material may not normally be brought into direct contact with the colder overriding lithosphere (Fig.  7B) . So lithospheric melting near the suture, directly as a result of breakoff, may not be a common phenomenon, and the breakoff depth should be considered before using lithospheric melts as an indicator of direct exposure of overriding lithosphere to hot asthenosphere due to a slab window. However, even for breakoff at depths shallower than the base of the overriding lithosphere, no significant melting of the lithosphere adjacent to the suture is observed (Fig. 5D) . The model of lithospheric mantle melting relies on hydration (metasomatism) of the overlying lithosphere from previous oceanic subduction, which will lower the solidus, and enhances melting of the overlying lithosphere during a thermal perturbation. Although our models predict a wet solidus that is very close to those determined experimentally (e.g. Condamine and Médard, 2014) for metasomatic mantle, the thermal perturbation does not extend sufficiently into the overriding plate in order to significantly melt this metasomatised area (Figs. 5D.ii and 5D.iii). Davies and von Blanckenburg (1995) found that, after breakoff at 80 km depth, a 25-Myr period is required to heat a point only 15 km away from suture. Our model calculations agree with these findings, although the modelled rapid slab descent and subsequent plate cooling prevents the hydrated portion of the lithosphere from exceeding 800°C. Unless the hot asthenospheric flow is sustained for a longer period of time, it seems unlikely that the metasomatised mantle lithosphere would be able heat sufficiently to melt. Furthermore, the necking process during breakoff results in a thin film (< 10 km) of crustal material and sediments remaining below the overriding lithosphere, which further shields the lithospheric mantle from a more significant thermal perturbation.
Hence slab breakoff may not commonly be shallow enough to expose the overriding lithosphere to hotter mantle asthenosphere, and, other mechanisms may be at work to melt the mantle lithosphere in postcollisional areas. We do not rule out the general mechanism of slab breakoff-induced melting of the overriding lithosphere, but suggest that slab breakoff and subsequent slab window heating may not always be the most likely cause for melting of the mantle lithosphere. This is consistent with some observations from post-collisional areas, for example the Iranian plateau, where magmatism is prolonged, widespread and occurs hundreds of kilometres from the suture (e.g. .
Asthenospheric mantle melting
No dry decompressional melting of asthenosphere occurs in our study. Davies and von Blanckenburg (1995) also suggest breakoff depths <50 km are required, thus making dry asthenospheric melting unlikely. However, melting of asthenospheric mantle can occur where the mantle is percolated by metamorphic water derived from the slab tip. Indeed, slab breakoff provides a mechanism to heat marginally hydrated slab areas, releasing water that otherwise is likely to remain stable (Fig. 7B) . In some cases the tip of the detached slabs melts, and may contribute significantly to this metasomatic agent. This slab fluid/melt triggers asthenospheric melting above the slab tip. This melting is shortlived (a few Myrs), and synchronous with slab breakoff. Although the resulting magmas might be chemically distinct, with a strong slab affinity, (e.g. enrichment in potassium), it might be difficult to identify those magmas in the geological record due to their short-lived appearance. Nevertheless, potassic magmatism observed in the Mediterranean would fit both the spatial, temporal and compositional occurrence observed in our models (e.g. De Astis et al., 2006 ).
Crustal and sediment melting
Slab breakoff may result more easily in melting of the continental crust and sediments than mantle melting. The increase in temperature of this subducted material during slab necking and breakoff is sufficient to generate significant amounts of melt. This melting is not constrained to the more extreme cases of fast and shallow breakoff, such as for asthenospheric melting, but is widespread across our study. Instead it is primarily dependent upon the maximum depth of continental crustal subduction and overriding plate thickness. We would expect crustal melts to be extruded in localised, linear belts of magmatism near the suture, which may be a more reliable indicator of breakoff than observations of lithospheric mantle melts.
Some studies suggest that the observations of mafic melts may be due to a heating of oceanic lithosphere upon slab breakoff (e.g. Omrani et al., 2008) . This is a rare feature in our models, and instead, melting of lower continental crust during breakoff is more likely, and may produce a similar geochemical signature.
4.4 Other post-collisional melting processes observed across the parametric study Our models show several melting mechanisms not directly related to slab breakoff. Separation of crust and mantle lithosphere in subducting slabs occurs for most of our weaker (dry quartzite) continental crust models (Fig. 5A ), due to reduced coupling between the crust and mantle lithosphere, in agreement with other numerical studies (e.g. Duretz and Gerya, 2013) . This generates significant melting at the base of the delaminated crust (e.g. Göǧüş and Pysklywec, 2008) , and sometimes some asthenospheric melting, through crustal dehydration within the delaminating slab (e.g. Models 19-24 and 27-32, Fig. 6 ). Exhumation of the continental crust and in some cases subsequent extension can also lead to crustal melting through both decompression melting and heating around areas of hot inflowing asthenosphere (Figs. 2B.iv, 3A.iv and 5C ). These processes are not strictly breakoff generated, but may occur during or be accentuated by breakoff. In some collisional areas today (Arabia-Eurasia, India-Eurasia), convergence continues long after the initial collision (Molnar and Tapponnier, 1975) , potentially suggesting additional compressional forces at work (e.g. Magni et al., 2017) , that might suppress the extension observed in the presented models. However, delamination and exhumation have been suggested to occur and account for melting in some areas (e.g. Mohammadi et al., 2016) . Additionally, melting may also have been generated through post-collisional extensional processes within older continental collisional settings, such as the Western Gneiss Region, Norway (e.g. Gordon et al., 2013) .
Conclusions
The occurrence of, or changes in, post-collisional magmatism are often attributed to slab breakoff. In this study, we used numerical modelling to quantify any melting processes during post-collisional slab breakoff. Results suggest that the classical style of slab breakoff related magmatism, i.e. lithospheric melts from the exposure in a slab window created by slab breakoff (Fig. 7A) , may not commonly occur, since breakoff depths are typically deeper than the overriding plate thickness, and may not induce a significant thermal perturbation in the overriding lithosphere. However, melting of the continental crust and sediments provides an alternative, viable mechanism for generating magmatism through breakoff (Fig. 7B) . Crustal melts in collisional areas may commonly result from breakoff, and may be a more reliable indicator of slab necking and breakoff than mantle derived melts, provided these are not long-lived and located within narrow belts parallel to the suture. Inflowing asthenosphere can also melt through hydration from the detached, descending slab if breakoff occurs relatively shallowly, and <20 Myr after initial collision. Slab breakoff cannot induce the observed prolonged periods of post-collisional magmatism, or those observed 100s of kms away from the suture zone. Therefore, it is unlikely that the breakoff process by itself can account for all observations of magmatism in post-collisional areas, and additional, alternative mechanisms are required to account for the diverse nature of magmatic observations and to explain some of the post-collisional magmatism that has previously been attributed to breakoff. Table 3 for details of each model). Models which show melt extraction over 1x10 6 m 3 /m as a direct result of breakoff are highlighted for the asthenospheric mantle, upper and lower continental crust, sediments, and oceanic crust. Squares refer to models with breakoff in the oceanic part of the slab and circles indicate breakoff in the continental part of the slab. Models 1-32 are those within the parametric study, whilst Model 33 is an anomalous case, designed to induce very shallow breakoff. Table 3 for details of each model). A -Model 24 (which uses a weaker (dry quartzite) continental crustal flow law): crust-mantle delamination, resulting in both asthenospheric mantle melting and melting of the delaminating lower continental crust. B -Model 10: melting of the oceanic crust if breakoff occurs within the oceanic lithosphere, due to the later dripping away of denser, eclogitised oceanic crust. C -Model 11: Post-collisional extension, which leads to upwelling of hot asthenospheric mantle and melting of the continental crust. D -Model 33: Shallow breakoff where break-off occurs at ~ 80 km, showing no significant melting of the lithospheric mantle adjacent to the suture, nor any significant thermal perturbation in the lithosphere at the location of breakoff. Large areas of melting (although with quantities less than the extraction threshold) are observed towards the base of the crust within the subducting continental lithosphere. This is a result of the higher crustal geotherm created by the imposed model conditions, and is not linked to the collision or breakoff process. Table 2 -Rheological values, flow laws and densities used for materials in this study. PH = Partially Hydrated. 1 - (Maunder et al., 2016) ; 2 - (Ranalli, 1995) . 
